ABSTRACT: Adelomelon beckii (Broderip, 1836) (Neogastropoda: Volutidae) is endemic to the western south Atlantic coast. It inhabits sandy bottoms in waters between 40 and 70 m deep and is one of the largest top benthic predators found in Mar del Plata, Argentina. The present study describes gametogenesis and the reproductive cycle of this species. Oocytes developed in close association with follicle cells, which appear to play a role in yolk synthesis and oocyte resorption, providing the key functions of phagocytosis and intracellular digestion of degenerating oocytes. Spermatogenesis resembles that reported for other volutids. The reproductive cycle of A. beckii in Mar del Plata was studied over a period of 2 yr (September 2004 to August 2006). Gametic emission in males continued throughout the year while females showed 2 spawning periods: one during spring (September-November) and another during autumn (March-April). In females, this semi-annual pattern appears to be related to the seasonal variation in seawater temperature, coinciding with observations made in other volutes. In males, there was no relationship to variation in seawater temperature, an unusual pattern for a species from a temperate region. Imposex was described for the first time in this species. These data constitute baseline information for establishing appropriate and biologically based management and conservation strategies for this overexploited gastropod species.
INTRODUCTION
Volutids are an important fishery resource on the continental shelf of Argentina (Giménez et al. 2005) and Uruguay (Riestra & Fabiano 2000) . The giant snail Adelomelon beckii (Broderip, 1836 ) is endemic to the western south Atlantic coast and is distributed from Espíritu Santo (Brazil) to Tierra del Fuego (Argentina) (Weaver & du Pont 1970) . This species inhabits sandy bottoms in water depths between 40 and 70 m (Weaver & du Pont 1970) , often exceeding 40 cm and sometimes reaching up to 51 cm in shell length (Rios 1994) . A. beckii has low population densities (Carranza et al. 2008) and is one of the top benthic predators found within the study area (Arrighetti 2009 ). This species has been caught as bycatch of bottom trawlers, but in recent years has become a target species for artisanal fishermen. Its large muscular foot is used for human consumption and its large attractive shell is sold in local and international markets as an artisanal product. Despite its impressive size and increasing importance as a fishery resource, little is known about its biology, except for some ultrastructural aspects of reproduction , Arrighetti & Giménez 2010 . Previous studies have focused on aspects such as reproduction, growth and fishery of several volutids (Zidona dufresnei, Giménez & Penchaszadeh 2002 , Giménez et al. 2004 , 2005 A. brasiliana, Cledón et al. 2005a,b; Odontocymbiola magellanica, Bigatti et al. 2007 A. ancilla, Penchaszadeh et al. 2009) , and imposex has been documented for all of them, except for Z. dufresnei (Bigatti et al. 2009 ).
In this context, the aim of the present study is to describe gametogenesis and the reproductive cycle of Adelomelon beckii using histological and ultrastructural techniques, and to provide information about the existence of imposex. The present data constitute baseline information for establishing appropriate and biologically based management and conservation strategies for this gastropod species.
MATERIALS AND METHODS
Samples of Adelomelon beckii were collected monthly from September 2004 to August 2006 by bottom trawling in the Mar del Plata area (38°20' S, 57°37' W) at depths from 40 to 70 m. Fifteen to 20 snails ranging from 20.0 to 39.0 cm in total shell length (SL) (i.e. sexually developed animals, Arrighetti 2009) were caught each month. In the laboratory, each individual was measured for SL with vernier calipers to the nearest mm and weighed for shell-free wet mass (SFWM) to the nearest g. Sex was identified by the difference in gonad colour, presence or absence of a penis and secondary sexual characteristics (albumen and capsule gland). To establish the morphometric relationship between SL and SFWM for each sex, linear regression analyses were performed using log(SFWM) = log a + b × log(SL). Parallelism tests and analysis of covariance (ANCOVA) were performed to compare the relationship between SFWM and SL between sexes. The sex ratio was compared to parity (1:1) with the χ 2 test. After removal from the shell, a small piece of the gonad for both sexes was fixed in Bouin's solution for 3 h at room temperature and subsequently stored in 70% alcohol. Tissues were dehydrated using an ascending series of ethanol concentrations and then embedded in resin (Leica Histoplast). Sections were cut at 5 µm with an electronic microtome (Leica), stained with hematoxylin and eosin and observed under a light microscope (Zeiss Axio Imager Z1). For electron microscopy, a small piece of female gonad was fixed in 3% glutaraldehyde in 0.1 M sodium phosphate buffer containing 0.1% CaCl 2 (for 4 h at 4°C) and washed in phosphate buffer. Subsequently, these tissues were placed in a 1% solution of osmium tetroxide in 0.1 M sodium phosphate buffer for 1.5 h, again buffer-rinsed, ethanoldehydrated and embedded in Spurr's resin. Ultrathin sections were cut using either a Reichert or an LKB IV ultramicrotome and stained with uranyl acetate and lead citrate. Sections were examined and photographed using Zeiss EM 109T, Hitachi 300 and Jeol 1010 transmission electron microscopes operated at 75 to 80 kV.
The oocytes were classified according to their gametogenic developmental stage. To study monthly gonadal development, oocyte size was calculated from the mean of 2 diameters (taken at right angles to each other) measured in 50 oocytes with conspicuous nucleoli. For each female, a smear of the interior part of the bursa copulatrix (the organ where the male deposits sperm during copulation) was examined microscopically. For each male, 2 slides were prepared to describe spermatogenesis and gonadal development. The seminal vesicle was dissected and analyzed to determine the presence/absence of spermatozoa.
To determine the occurrence of imposex in this population of Adelomelon beckii, specimens of both sexes collected throughout the study period were analyzed. After sexing the individuals, penis length was measured in imposex-affected females and males using vernier calipers. The degree of imposex was determined using 2 indices -relative penis length index (RPLI = [female penis mean length/male penis mean length] × 100) and vas deference sequence (VDS)-both calculated according to Gibbs & Bryan (1994) . The percentage of imposex-affected females (I) was calculated as: I = (number of females with imposex/ total number of females) × 100.
RESULTS

Sex ratio and population structure
Sex was clearly identified in all individuals examined. The overall sex ratio was significantly different from 1:1 (χ 2 = 15.22, df = 1, p < 0.05) and the sex ratio also displayed significant differences from 1:1 in most of the monthly samples (Fig. 1A) , except in December 2005 when no males were sampled. A discernible trend was found in the variation of sex ratio throughout the year, with a predominance of females during September, October and November of both years. Females ranged from 23 to 39 cm SL and males ranged between 20 and 36.5 cm SL. The relationships established for both sexes between SL and SFWM are shown in Table 1 ; no significant differences were detected in the parallelism test (p > 0.05), but the ANCOVA revealed significant differences between sexes (p < 0.05). Females reached a larger size than males (Fig. 1B) .
Gonadal structure and gametogenesis
Females
The brownish-coloured ovary was situated in the inner-dorsal surface of the digestive gland where it was embedded, thus not allowing for the calculation of the gonadosomatic index. The ovary is a multi-tubular organ; each tubule was surrounded by connective tissue and contained follicle cells and oocytes in different developmental stages. Follicle cells were in close contact with all oocytes, always completely surrounding them. Their nuclei were spherical and contained patches of heterochromatin ( Fig. 2A,B) . Their cytoplasm contained mitochondria and extensive rough endoplasmic reticulum; lysosomal-like inclusions were often observed ( Fig. 2A,B) . Follicle cells and oocytes were not in cytoplasmatic continuity, although some gap junctions were observed (Fig. 2C ). Follicle cells were joined together by desmosomes (Fig. 2D) .
Based on electron microscopy observations, 4 different phases of oogenesis were recognized: oogonia, previtellogenic oocytes, vitellogenic oocytes and oocyte degeneration and resorption. The oogonia, which measured 10 to 30 µm in diameter, were round in shape. Each possessed a large ovoid nucleus and several mitochondria; endoplasmic reticulum and vacuoles appeared in the cytoplasm (Fig. 3A) . Oogonia developed into previtellogenic oocytes which measured 30 to 60 µm in diameter and were oval in shape. In this phase, endoplasmic reticulum and mitochondria were concentrated within the cytoplasm (Fig. 3B ). At about 60 µm in diameter, lipid droplets, endoplasmic reticulum, mitochondria and the Golgi complex appeared in the cytoplasm of early vitellogenic oocytes (Fig. 3C ). This stage indicated the onset of yolk synthesis. Several pinocytic vesicles were seen between the vitellogenic oocyte and the follicle cell, indicating endocytosis of nutrients (Fig. 3D ). The cytoplasm of late vitellogenic oocytes was characterized by the presence of protein yolk granules and lipid droplets (Fig. 3E ). Degeneration of oocytes was only observed in vitellogenic oocytes. The degenerating oocytes were slightly irregular in shape. The endoplasmic reticulum was the first organelle involved in the degenerative process; it became distended, leading to vacuolization of the cytoplasm (Fig. 3F ). Yolk granules disintegrated in the cytoplasm, and several vacuoles and phagosomes appeared (Fig. 3G ). At this particular stage, a few phagosomes appeared in the cytoplasm of the follicle cells. At the end of this stage, the oocytes became disintegrated and follicle cells were observed in their place.
Males
The orange to brown testis of Adelomelon beckii was situated dorsally to the digestive gland. It consisted of a mass of tubules, which were separated from each other by connective tissue (Fig. 4A ). The seminal vesicle was contiguous to the testis, but sometimes was observed embedded in it (Fig. 4B ). The seminal vesicle was filled by spermatozoa throughout the entire year, thus the gonadosomatic index was not a good indicator of gonadal changes and did not give a reliable description of the periods of gametic emission. In general, spermatogenic cells were clustered in small groups irregularly distributed within the tubules (Fig. 4C) . The spermatogonia and spermatocytes were situated in close contact with the tubule wall, while spermatids were located near the lumen (Fig. 4C) . Two main types of spermatic cells were found in the same tubule: spermatozoa and paraspermatozoa (Fig. 4D) .
For an ultrastructural description of spermatogenesis in A. beckii see Arrighetti & Giménez (2010) .
Gonadal development
Females
Based on histological observations, the gametogenic cycle was classified according to 5 stages of gonadal development: early development, late development, mature, spent and recovering. During early development, the ovary was characterized by the presence of round oogonia and previtellogenic oocytes (Fig. 5A) . As maturation advanced, the ovary increased in size and early vitellogenic (60 to 80 µm in diameter) and vitellogenic oocytes were observed (Fig. 5B) . When the ovary became mature, the tubules were full of yolkcontaining vitellogenic oocytes measuring >100 µm in diameter (Fig. 5C,D) . In spent ovaries, most mature oocytes were released, although a few residual mature oocytes remained along with the appearance of new developing oocytes with diameters < 80 µm in diameter (Fig. 5D ).
Males
The gametogenic cycle was divided in 4 developmental stages: developing, mature, spent and recovering. During the developing stage the testis was characterized by the presence of spermatocytes; in addition, spermatogonia, spermatids and sometimes some spermatozoa were present (Fig. 6A) . In the mature stage, the tubules were full of spermatozoa, which formed a dense mass in the center of the lumen (Fig. 6B) . Additionally, zones with spermatogonia, spermatocytes and spermatids indicated that gametogenesis continued in the tubular wall. In the spent stage, the lumen of the tubules was empty and few spermatozoa were found; spermatocytes and spermatids formed a thin wall (Fig. 6C) . The recovering stage was characterized by the presence of few spermatozoa free in the lumen of the tubules and signs of degradation were apparent (Fig. 6D) .
Reproductive cycle
The monthly frequency of females in each developmental stage is summarized in Fig. 7A . Females were in the developing stage during the entire study period, except for April 2006. During September 2004, the ovary contained oocytes of all sizes, from 10 to 175 µm in diameter (Table 2) , with the cytoplasm full of yolk granules. In October 2004 a decrease in the mean oocyte diameter indicated a spawning period that continued until November. In December 2004 and January 2005 a recovery period began, with the presence of residual bodies, a product of degenerated oocytes. After January, oocytes started to grow, and a less intense spawning period was observed during March and April. In April 2005, residual mature oocytes that were not spawned began to degenerate, and new developing oocytes grew up to 213 µm in diameter in July. An extended spawning period occurred between September and November 2005, which was followed by a developing period during January and February 2006, although some mature oocytes were present during the developing period. Following this phase, a new spawning period began and continued until April 2006. Live spermatozoa were present in the bursa copulatrix during the entire study period. The monthly frequency of males in each developmental stage is illustrated in Fig. 7B . In all monthly samples, each spermatic tubule contained all stages of spermatogenesis, indicating a continuous production of spermatozoa throughout the year. The mature stage was observed during almost all of the study period, even though different maturation stages were seen in most individuals. A partial emission of spermatozoids was observed during the 2 yr. After the liberation of the mature sperm, the testis remained empty with few residual spermatozoa in the lumen. Seminal vesicle tubules were full of sperm throughout the 2 yr study period. The maximum proportion of individuals in the recovering stage occurred in January. 
Imposex
A total of 206 Adelomelon beckii individuals were analyzed to assess the occurrence of imposex in the Mar del Plata population. The incidence of imposexaffected females (whose sex was confirmed in histological sections) was 1.53% and RPLI was 51.72. In females with imposex, a vas deferens and a penis were observed, but the vaginal opening was not blocked by the vas deferens, indicating a VDS Stage 3. Some females presented genital malformations, such as multiple penises (Fig. 8) .
DISCUSSION
In the present study, female Adelomelon beckii clearly dominated in number over males, with an overall sex ratio of 2.07. The predominance of females is common in species belonging to the suborder Neogastropoda (Feare 1970 , McGwynne & Van Der Horst 1985 , Gibbs et al. 1988 , Martel et al. 1986 , Fretter & Graham 1994 , Olabarria & Ramirez-Llodra 2004 , Narvarte 2006 . Nevertheless, the sex ratio varied throughout the year, especially during the reproductive season when females were more abundant than males. This pattern may reflect aggregations of mature females for communal spawning, as observed in other gastropods (Houston 1971 , Kideys et al. 1993 , Miloslavich & Penchaszadeh 1997 , Bigatti 2005 , or males could remain buried while females were exposed on the bottom during egg-laying (Poppe & Goto 1992) . The availability and quality of hard substrata amongst otherwise soft sediment can strongly influence reproduction and oviposition in some neogastropods (Swanson 2004) . Females of A. beckii require hard substrata on which to attach egg capsules (Penchaszadeh et al. 1999) , and therefore bottom type might be responsible for aggregating individuals at an oviposition site. This pattern could also be due to the fact that, because females are bigger than males, the proportion of females is significantly higher in com- 
Gonadal structure and gametogenesis
The general structure of the gonads of Adelomelon beckii does not differ from that of other volutids (Giménez & Penchaszadeh 2002 , Cledón et al. 2005a , Bigatti et al. 2008 , Penchaszadeh et al. 2009 ).
The ovary is formed by multiple tubules, containing only developing oocytes and associated accessory cells. de Jong-Brink et al. (1983) distinguished 3 categories of oocyte-follicle cell relationships, depending upon the number and arrangement of the follicle cells. In the first type, the oocyte is completely surrounded by an increasing number of follicle cells; in the second type, the oocyte is surrounded by a small, distinct number of follicle cells; and in the third type, a small number of follicle cells surround the oocyte only during the early stages of oogenesis. The observations made in the present study correspond to the first type of relationship, with the oocytes of Adelomelon beckii always surrounded by a great number of follicle cells, something rare in gastropods. The close relationship between follicle cells and oocytes during oocyte growth and the presence of gap junctions during vitellogenesis suggest the exchange of small molecules and ions between follicle cells and oocytes (Pipe 1987a Oogonia occurred in small groups and contained mitochondria endoplasmic reticulum and vacuoles. The large cytoplasm of previtellogenic oocytes is indicative of the onset of cellular growth. Morphological modification, proliferation of organelles and active synthesis of intracellular inclusions, occurred in vitellogenic oocytes. The early vitellogenesis of Adelomelon beckii is characterized by proliferation of endoplasmic reticulum, mitochondria and lipid droplets. Although many authors have reported the formation of lipid droplets in several bivalve species (Pipe 1987b , Dorange & Le Pennec 1989 , De Gaulejac et al. 1995 , no clear morphological evidence of processes involved in lipid droplet formation were detected in the present study. In later stages of vitellogenesis, the cytoplasm is characterized by the presence of membrane-bound yolk granules and pinocytic vesicles. The present study indicates that A. beckii produces yolk granules by both auto-and heterosynthesis. Autosynthesis was documented by the increase in the number of proteosynthetic organelles and heterosynthesis by the formation of pinocytic vesicles, in which endocytosis of macromolecules appear to take place. The formation of yolk by autosynthesis is widespread in mollusks (Wourms 1987 , Eckelbarger & Davis 1996 and has been suggested to be the primary yolk-forming means in this phylum (de Jong-Brink et al. 1983 ). Nevertheless, the incorporation of exogenous yolk precursors by endocytosis is also well documented (Hill & Bowen 1976 , West 1981 , Bottke et al. 1982 , Pal & Hodgson 2002 .
Oocyte degeneration and resorption in mollusks is a commonly observed phenomenon (de Jong-Brink et al. 1983) . In Adelomelon beckii there is considerable morphological evidence for phagocytosis of material by follicle cells, with a well-developed lysosomal system for breakdown, as well as remarkable amounts of rough endoplasmic reticulum for synthesis. Therefore, for the first time there is evidence to suggest their involvement in the resorption of material from degenerating oocytes.
The testis of Adelomelon beckii is also similar to other volutids (Giménez & Penchaszadeh 2002 , Cledón et al. 2005a , Bigatti et al. 2008 , Penchaszadeh et al. 2009 ), as are the general features of spermatogenesis and sperm morphology (Giménez et al. 2008 ), which are detailed in Arrighetti (2009 and Arrighetti & Giménez (2010) .
Reproductive cycle
The proportion of individuals in different maturation stages showed marked seasonal variation and the oocyte size structure showed a distinct annual pattern.
Two major spawning events were identified: a spawning period between September and November (austral spring) and another between March and April (austral autumn). There was no apparent resting period in the reproductive cycle. The onset of breeding occurred at about the same time during the 2 yr study period. After spawning, the remaining oocytes degenerated and reappeared again mainly in December and May.
This pattern shows a clear seasonality that could be related to seawater temperature, an important environmental factor that regulates gonadal development and spawning in many gastropod species (Giese & Pearse 1977 , Hayashi 1980 , Martel et al. 1986 , Fretter & Graham 1994 , Giménez & Penchaszadeh 2002 , Ilano et al. 2003 , Cledón et al. 2005a . It is possible that a slight change in seawater temperature might drastically influence spawning. Female spawning occurred when seawater temperature was lowest (9°C in October) and highest (17°C in March) (for the monthly record of bottom seawater temperature see Carreto et al. 1998 , Guerrero et al. 1999 , Giménez & Penchaszadeh 2002 . These observations are in agreement with Giménez & Penchaszadeh (2002) and Cledón et al. (2005a) on 2 other volutes from the same area: Zidona dufresnei and Adelomelon brasiliana, respectively.
All stages of spermatogenesis were found in all mature males, indicating a continuous production of sperm throughout the year. Mature spermatozoa in the testicular tubules and seminal vesicle were observed during the entire study period (except in January), even though different gametogenic stages were observed in the same individual at the same time. Similar results were found in 4 other volutid species: Zidona dufresnei (Giménez & Penchaszadeh 2002) , Adelomelon brasiliana (Cledón et al. 2005a ), A. ancilla (Penchaszadeh et al. 2009 ) and Odontocymbiola magellanica (Bigatti et al. 2008) . The existence of mature males during periods when females were not ripe has also been observed in the muricids Bolinus brandaris (Ramón & Amor 2002) and Hexaplex trunculus (Vasconcelos et al. 2008) . This pattern could be interpreted as a strategy to improve reproductive success. During copulation, the penis deposits the sperm into the bursa copulatrix of the female, where the sperm can be stored for a short period before fecundation and spawning takes place (Fretter 1980 , Fretter & Graham 1994 . Thus the long period of maturity would allow males to increase the number of copulations and fertilize more females during a single breeding season. The present study suggests that in A. beckii seawater temperature is unlikely to affect male gonadal maturation. According to Martel et al. (1986) , the presence of sperm in the pallial oviduct of females after copulation may possibly induce them to search for egg-laying sites, but the intensity of egg-laying may be affected by temperature.
Imposex
The present study comprises the first record on the occurrence of imposex in Adelomelon beckii and is the first report of this genital abnormality in an offshore species from this area. Imposex is a widespread phenomenon caused by tributyltin (TBT), a compound used in antifouling paint (Gibbs et al. 1988 (Gibbs et al. , 1991 (Gibbs et al. , 1997 , and has been reported in several coastal gastropods, particularly in species associated with harbour waters (Santos et al. 2000 , Bech 2002 , Bigatti et al. 2009 ). The Mar del Plata harbour is the most important fishing harbour in Argentina, with a coastal and offshore fleet of more than 300 vessels (Errazti & Bertolotti 1998) . In the Mar del Plata region, imposex has been reported for other gastropods, all associated with the harbour (Penchaszadeh et al. 2001 , Cledón et al. 2006 , Teso & Penchaszadeh 2009 ). Though the percentage of imposex-affected females was low, the high RPLI indicates a higher sensitivity of A. beckii to TBT in comparison to other snails studied in Mar del Plata (Penchaszadeh et al. 2001 , Cledón et al. 2006 , Bigatti et al. 2009 , Teso & Penchaszadeh 2009 ).
Fishery management
Adelomelon beckii has been increasingly consumed in Mar del Plata in recent years and its fishery is important for the local economy. The current overexploitation regime (Arrighetti 2009 ) will be unsustainable in the long term, unless an adequate management plan is implemented. Overexploitation is potentially more severe in a population affected by imposex, given that imposex is known to affect the reproductive activity of the affected population. The present results, together with the estimation of the size at first sexual maturity (Arrighetti 2009 ), should be taken into account when implementing fishery management measures. According to the present data, a closed season should be established at least from September to November, when the most intense spawning events occur. Without proper management, this valuable fishing resource will be reduced to insignificant levels in Mar del Plata within a short period of time. 
